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• Salinity represents an abiotic stress constraint affecting growth and productivity of plants • Better solutions is to improve the level of salt resistance using natural genetic variability within crop species • Phenomic methodology employing different non-invasive imaging systems for detecting quantitative and qualitative changes caused by salt stress at the whole plant and canopy level. Hyperspectral imaging techniques provide unique opportunities for fast and reliable evaluation of numerous characteristics associated both with various structural, biochemical and physiological traits • Salt-soil-plant interaction and sustainable coastal agriculture need powerful phenotyping tools
G R A P H I C A L A B S T R A C T
Examples of the structural reflectance parameters derived from hyperspectral imaging of soybean leaves treated with salt stress. a) and b) are leaves from non-salt conditions and c) and d) are leaves from plants treated with 250 mM NaCl concentration. Pictures of a) and c) show the soybean leaf of genotype SA-108 and b) and d) shows the soybean leaf of genotype SA-136. Leaves (c) shown a typical symptomatic of damage induced by salt stress conditions
a b s t r a c t a r t i c l e i n f o
The salinity represents the harsh environmental stress limiting crop production on~20% of irrigated land worldwide (Mudgal et al., 2010) . In arid and semi-arid areas, the irrigation is often used to compensate the lack of rainfall in drought prone regions; however, the intensive long-term irrigation of arable lands tends to increase salinity of soil to the extent which is unacceptable for crop plants (Flowers, 2004; Tang et al., 2015) . Regarding the classification of plants based on their capability to growth on high salt solutions, the species can be divided into glycophytes or halophytes. The most of the crop plants are considered as glycophytes, not able tolerate a high concentration of salts (above 1-3 g L − 1 ). Typical examples of glycophytes are beans and rice. On the other hand, the representatives of halophytes can tolerate higher quantity of salts in the root environment. There are a few of the crop species, which can be denoted as a typical halophyte. As an example, Salicornia bigelovii (dwarf glasswort) grows well at the root medium containing 70 g L −1 of dissolved salts (Glenn et al., 1998) . The marginal halophytes, such as date palm (Phoenix dactylifera) and barley (Hordeum vulgare) are able to tolerate about 5 g L − 1 (Glenn and Brown, 1999) . Numerous species also belong among the potentially useful halophytes, such as Atriplex (saltbush, orache, orach), Attalea speciose (babassu), Anemopsis californica (yerba mansa, lizard tail), Panicum virgatum (switchgrass), Spartina alterniflora (smooth cordgrass), Salicornia bigelovii (dwarf glasswort, pickleweed), Tetragonia tetragonoides (warrigal greens, kōkihi, sea spinach). Thus, the majority of crop species represent the glycophytes notwithstanding the conditions of saline soils (Gupta and Huang, 2014) . The future prognosis is rather pessimistic: in 2050 the rising soil salinization will influence more than 50% of all arable land (Wang et al., 2003) which together with a growing world population may create a need to develop crops that are tolerant to salt stress. Continual management of sustainable water and soil resources and more adequate utilization of genetic diversity are the basic steps that are necessary to increase productivity (McCouch et al., 2012 , Shao et al., 2005 .
Building of the knowledge on the biology, ecology and evolutionary patterns of the halophytes and glycophytes may support the efficient development of salt resistant crops. The selective pressure of human in breeding with parameters of resistance and reproductive security was used for domestication evolution of crop plants. Unexpected consequences of this selection process are the loss of tolerance to different stresses and erosion of crop genetic diversity. Therefore, the exploiting the genetic variability of crop plants and their wild relatives, discovering the genetic structures of currently evolved halophytes, endemic halophytes and 'minor' crops are extremely important. The combination of the classical empirical approaches with the modern phenomics tools used for assessment of plant genetic resources can contribute to stabilization of plant biodiversity and creation salt-tolerant crop plants (Cheeseman, 2015) .
Understanding the mechanism of stress tolerance and stress signaling network in adaptive reaction is crucial for the advancement of this field. Salinity stress response is multigenic because a number of processes implicated in the tolerance mechanism. The growth decline is listed as a major morphological change under salinity effect. Damaging effects of salts on growth can be connected with the toxicity of specific ions, increase in alkalinity or elevation of osmotic pressure, which may inhibit the water availability or affect metabolic and other cellular pathways. During the primary phases of salinity stress, capacity of root systems to absorb water decreases. The leaf water loss is increased due to osmotic stress of high salt accumulation in soil and plants. Thus, salinity stress is also called as hyperosmotic stress (Munns, 2005) and also considered as a hyper-ionic stress. One of the most negative effects of salinity stress is the accumulation of Na + and Cl − ions in plant tissues under effects of high NaCl concentrations. Excess uptake of both Na + and Cl − ions into the cells cause firstly serious ion imbalance and then significant physiological disbalance. High concentration of Na + can suppress the uptake of essential elements, such as K + , resulting in lower productivity and may lead to death (James et al., 2011) . The necrosis, chlorosis and tip burn can appear in the leaves when salinity affects imbalances in concentrations of other mineral elements, like Ca, Na, Cl, B. This explains the fact that the phenotypic effects of salt stress are very variable.
For practical reasons, in addition to mechanistic, molecular and genetic studies of different plant genotypes, the scientific focus was actually switched also on phenotypic traits. In the previous years, the fast development of phenomics approach was documented by an increasing number of works employing the modern technical tools in plant assessment and the remote sensing aimed at wetland and salinity stress species. Recently, there are numerous well-established or emerging techniques useful for detection of salinity stress effects at the plant or canopy level. Discussing the techniques and methodologies, it is important to identify the aspects, priorities and challenges that still need to be explored (Adam et al., 2010) . In the last few years, a high progress has been achieved in the field of highly automated, non-destructive plant phenotyping systems. The automated phenomics facilities enable an extensive evaluation of complex plant features such as architecture, growth, development, physiology, resistance, tolerance, ecology, and yield, as well as the analysis of particular quantitative parameters that provide the background for more complex features.
An important step towards the more complex phenotyping has been done by involvement hyperspectral imaging (HSI) and subsequent analyses (Kuska et al., 2015) . This technique has been successfully used in remote sensing applications to estimate the level of salinity in soils, using numerous indices to assess the concentration of salt according to different wavelengths of reflectance (Poss et al., 2006; Hamzeh et al., 2013) . It has been used also in the remote sensing assessment of salt stress effects in many different crops and plants: sugarcane (Hamzeh et al., 2013) , reed, cogon grass, cotton, saltcedar, corn, suaeda or aeluropus (Zhang et al., 2011a (Zhang et al., , 2011b . However, the more precise imaging and analyses of reflectance spectra at the plant level are required to provide desired information useful in phenomics systems. The focus of this review is put on the possible role of novel non-destructive emerging techniques in exploring the salt stress effects on crop performance, physiology as well as the biodiversity of cropping systems. Because of the novelty and usefulness in detections, the emphasis will be placed on hyperspectral imaging techniques. The specific features and applications of this technique in connection with other analytical tools and methods will be discussed.
Integration of imaging techniques in high throughput phenotyping systems
The technical progress in data caption, storage and analysis as well as commercial availability of the complex imaging systems led to a fast development stage of high-throughput plant phenotyping. Recently, the plant phenotyping is based preferentially on automated imaging techniques that can create many different images of plants per day. Such a volume of information is sufficient to perform the QTL analyses, studies of mutant populations or studies focused on gene expression in relation to changes in environmental conditions (Fahlgren et al., 2015) .
The automated phenotyping systems contain components and cameras that can capture broad spectral information. A type of imaging methodology in such platforms for phenotyping is used for data collection within the quantitative studies aimed at growth parameters, increased yield and adaptability to abiotic or biotic stresses. In addition to HSI, the imaging techniques include also visible (RGB) imaging, imaging spectroscopy, fluorescence imaging, thermal infrared imaging, as well as the tomographic (PET, MRT and CT) and 3D imaging . Many phenotyping tools based on image processing came from the use of non-imaging sensors that have been tested in the field, such as thermography point sensors. The most of scientific experience comes from the remote sensing studies, which can be partially applied also at the plant level. For example, the spectral indices calculated using data from satellites can be adopted or adjusted to the needs of measurements at the plant level (Walter et al., 2015) .
Greenhouse and growth chamber-based phenotyping platforms benefit from the control of the environmental parameters and programing of the growing cycles. As an example, it was found that regulated environmental conditions are very suitable for root phenotyping (Bucksch et al., 2014 , Moore et al., 2013 . However, to develop strategies and experimental design for efficient utilization of camera technologies, experimentation is required to obtain important data linking the phenomics metadata to the results of metabolomic, molecular or physiological parameters.
The target of plant imaging analysis is to analyze growth, development, physiological traits as well as the qualitative parameters of plants using the robotic operations. Hyperspectral imaging automation has become comparatively low-cost and universal, and it stands out among a novel surge of high-automated phenotyping systems. The siliconbased sensors sensitive to light wavelengths in the range 400-1000 nm are normally used in standard cameras. Color cameras still can be used in the 400-700 nm range that is visible to humans with the incorporation of an infrared-blocking filter (VIS camera). VIS cameras are used to estimate the true color of each pixel because of presence three color sensors (red, blue and green) in camera array. Analysis of color parameters, geometric and morphological characteristics can be done by the operation of VIS cameras in the phenotyping system (Tessmer et al., 2013 , Yang et al., 2014 . Near-infrared (NIR) light can be recognized by infrared (IR) cameras with usage for night imaging processing (Matos et al., 2014) . Some regions of NIR light and shortwave infrared (SWIR) can be identified by NIR cameras that can be used for estimation of leaf water content (Seelig et al., 2008) . Longwave infrared (LWIR) light is noticed by thermal infrared (TIR) cameras and normally used in investigations of the temperature of the plants or canopies (Sirault et al., 2009) . Additionally, specific automated imaging systems can analyze chlorophyll fluorescence emitted by the green parts of plants (Chen et al., 2014) . Unlike to majority of imaging methods, the parameters of chlorophyll fluorescence are directly associated with physiological processes, mostly with photosynthesis (Kalaji et al., 2016) with broad possibilities to detect effects of stress factors (Brestic and Zivcak, 2013; Zivcak et al., 2014; Brestic et al., 2015, in press) . Using the special technical application of chlorophyll fluorescence may detect also some qualitative traits associated with content of biologically active phenolic compounds (Sytar et al., , 2016 .
For phenotyping platforms, VIS cameras and supplementary camera systems can provide an efficient color imaging. A problem of the NIR and VIS cameras is that the sensors of detection are sensitive to large scopes of the electromagnetic spectrum and then in the output image is absent specific wavelength information. Hyperspectral cameras compared to the NIR and VIS cameras are able to analyze big quantity of spectral bands between 350 and 2500 nm at nm-level resolution for each image pixel (Mahlein et al., 2013) . Therefore, the hyperspectral imaging is an encouraging approach for the discovery of abiotic (Römer et al., 2012) and biotic (Mahlein et al., 2013) stresses.
Hyperspectral imaging and its utilization in crop phenotyping platforms
As we have mentioned before, originally was hyperspectral imaging developed for remote sensing, non-biological applications (Goetz et al., 1985) . However, in the last years, hyperspectral imaging has been widely accepted as a non-destructive, rapid and safe method of qualitative analysis of plants as well as of a wide spectrum of food products. Compared to the other techniques, the main benefit of HSI is the capacity to consolidate imaging techniques and spectroscopy. The hyperspectral imaging system is adapted to make direct synchronous measurements of different components and to locate the spatial distribution of measured components in the tested products or plant tissues (Elmasry et al., 2012) .
The hyperspectral imaging is the advanced technique based on the spectral reflectance spectroscopy. Plant imaging spectroscopy is performed using the interaction of incident radiation with plants. The characteristics of the molecular structure of any material, including plant tissues, are related to absorption, reflection and transmission of electromagnetic radiation under certain wavelengths (Sun, 2010) . It is known that UV, VIS, NIR, mid-infrared, and far-infrared lights are electromagnetic waves. Each region of the electromagnetic waves is linked to an exact type of transition on atomic or molecular levels corresponding to a various degree of repetitiveness. Plant tissues, like any other biological material, may be analyzed thanks to a presence of different molecular structures. The bonds C\ \H or O\ \H are mostly present in water, carbohydrates and fats. The bonds N\ \H or C\ \H are typical for derivatives of petroleum products and organic compounds. Transmission of electromagnetic waves goes through the plant sample when it is exposed to light. The energy of the incident electromagnetic wave in plant samples modifies due to the extending and turning fluctuations of some bonds such as N\ \H, O\ \H, and C\ \H. Therefore, the spectroscopy can be used for determination of various parameters of plant samples, as they reflect the transformations of light energy at the molecular level (Huang et al., 2014a (Huang et al., , 2014b .
At the macro level, electromagnetic wave as the light was noticed. The current electromagnetic wave transitions are exposed as the light reflection or scattering, and also as light transmission. The emission and absorption strength and wavelengths depend on the chemical and physical parameters of the plant material because the consumed light part diffuses into the sample of plant tissue. The obtained arising light is transformed into a spectrum and images converted by hyper-spectral imaging systems .
The implementation in imaging formats instead of single point/average plot measurements has enabled the process of taking measurements to be up-scaled, providing that the image has enough resolution (Araus and Cairns, 2014) .
Images received from the hyperspectral camera can characterize the compounds and also physical capacities of the plant samples. In this case, HSI technology, which produces large datasets, requires improvements in appropriate image processing and multivariate data analysis tools (Huang et al., 2014a (Huang et al., , 2014b .
In addition to the major components, such as water, chlorophyll, cellulose, etc., the hyperspectral method can identify and quantify the content of some specific compounds. As an example, hyperspectral and fluorescence imaging may provide a means to detect and quantify of such secondary metabolites like flavonoids and terpenoids directly and in non-invasive manner. Deepak et al. (2015) compared different imaging approaches and conventional chemical analysis by HPLC-MS for detection of birch leaf surface secondary compounds. They found that, at least, the fluorescence approaches and UV reflectance imaging were able to localize in macroscopic scale the within-leaf spatial differences in content of UV absorbing and fluorescent flavonoids.
There are other examples in which the spectral reflectance analyses were used for estimation of qualitative traits using imaging tools. Application of HSI was done for food quality evaluation soybean seeds, wheat, barley grains and Portobello mushroom (Agaricus bisporu) (Taghizadeh et al., 2011 , Tumuluru et al., 2010 , Arngren et al., 2011 , Huang et al., 2014a , 2014b and detection of defects in apple fruits and lettuce leaves (Baranowski et al., 2012 , Simko et al., 2015 . In parallel, experiments using HSI techniques for detection of fungal infections in fruits of citrus, leaves of sugar beet, wheat and maize have proven the applicability of the technique (Lorente et al., 2013 , Mahlein et al., 2010 Hillnhütter et al., 2011 , Firrao et al., 2010 Yao et al., 2010 , Bauriegel and Herppich, 2014 , Williams et al., 2012 . Nowadays, HSI methodologies based on various indices have been mostly used for detection of photosynthetic pigments like chlorophylls, carotenoids as well as of the other major compounds in leaves and fruits, such as anthocyanins and flavonoids (Deepak et al., 2015; Matros and Mock, 2013 , Hölscher et al., 2009 , Zhao et al., 2005 , Coops et al., 2003 , Ferri et al., 2004 .
3. Applying hyperspectral image analysis to identify the salinity effects 3.1. Physiological and metabolic effects of salt stress
The salt stress affects the photosynthesis directly through the stomata closure and diffusion limitations in leaf mesophyll, or through the alterations in photosynthetic metabolism. The salt stress is connected with the oxidative stress, which disturbs plant organism and its functions on the different levels. During a period of salt/osmotic stress, the carbon balance is affected. The balance of carbon assimilation can depend on the degree of photosynthetic recovery. It is also determined by a rate of photosynthesis decline during water deficiency. There is insufficient mechanistic knowledge regarding physiological conditions of photosynthetic recovery after the exposition of plants at different salt concentrations. Based on the large amount of the available data on transcript-profiling of plants exposed to salt stress it is evident that plants respond to osmotic stress by a fast developing gene expression, in parallel with physiological and biochemical responses (Chaves et al., 2009) .
The number of studies aimed at salt stress effects in different plant species is enormous; selected valuable studies performed in several model plants are listed in Table 1 .
The definition of salinity tolerance is not simple, but it represents a combination of various features; moreover, the tolerance depends on different physiological interactions, which are difficult to determine. The morphological appearance presented by the plant in response to salinity, may not be enough to determine its effect, so it is important to recognize other physiological and biochemical factors, including toxic ions, osmotic potential, lack of elements and other physiological and chemical disorders, as well as the interactions between these various stresses.
In order to survive in soils with a high salt concentration, plants improve different physiological and biochemical mechanisms (Mudgal et al., 2010) . The most important mechanisms include, but are not limited to, uptake and transport of ions, ion homeostasis and compartmentalization, biosynthesis of osmoprotectants, synthesis of polyamines, generation of nitric oxide (NO), modulation of hormones, synthesis of antioxidant compounds and activation of antioxidant enzymes. Research advances elucidating these mechanisms are presented in Table 2 . Nowadays HSI methodologies were developed mostly for protein and pigments identifications in plant materials. Particular wavebands, which could be used for estimation of the content of target compounds, are presented in this table, too.
It was suggested that plant morphology (leaves, canopy size attributes) is strongly connected with salt tolerance. The salinity effect is most observable on the ratio of the total leaf surface to the unit of land area and leaf conductance (Ben-Asher et al., 2006) . This relationship can be used for explanation of differences between glycophyte species and salt tolerant populations. These parameters, however, are not always useful for assessment of typical halophytes, which have specialized physiological (and/or anatomical) adaptations that can provide salinity stress resistance (Hester et al., 2001) .
The mechanisms of salt tolerance can be divided into the changes of low complexity and also high complexity. Low-complexity characteristics occur to implicate modifications in different biochemical pathways. High-complexity characteristics include modifications that support main processes such as respiration and photosynthesis, water use efficiency, and changes that secure such significant elements as cell wall, plasma membrane or cytoskeleton to support cell wall interrelations.
The main salt-stress accumulating products are connected especially with osmotic stress. Here, we can include proline, β-alanine betaine, glycine betaine, choline-o-sulfate, trigonelline etc. Phenomena such as increasing content of lycopene, anthocyanins, betalaines, a high level of lipid peroxidation process and activity of SOD/Catalase, APX and GR are connected with the development of oxidative stress as second promoted stage of salt stress. The polyamines, spermine and spermidine, take active part in the ion balance under salt stress, too (Table 2) .
Integration of hyperspectral analyses into salt-stress related phenomic applications
In many environments, the drought and salinity resistance are two necessary key crop features for successful crop production. The stress factors, in many aspects, produce often identical phenotypic effects and the screening methods within the phenomics investigations overlaps. One of early reactions (in the range of hours to days) of crop to salt stress is stomatal closure, which in part induced by the damaging 
osmotic effect of solutes on the roots capacity to uptake water from the soil (Munns and Tester, 2008) . Such osmotic stress, which has related nature to salinity and drought stress, has been described as 'chemical drought' stress (Munns et al., 2010) . The reduction of carbon assimilation is caused primarily by stomatal closure. Usually, stomatal conductance measurements or screening based on photosynthetic parameters are not so fast and often have little reproducibility (Munns et al. (2010) . For screening aimed at stomatal activity or photosynthetic responses under osmotic stress, different phenomics tools can be used. A new screening method for osmotic component of salinity tolerance in cereals is based on the infrared thermography. The potential of IR thermal imaging for the screening of a large number of genotypes varying in stomatal traits under salt stress has been discovered (Sirault et al., 2009 ). Processing of thermal images in FLIR (Forward Looking Infrared Radiometer) system was effectively used for estimation of leaf water potential; this estimate was based on an overall view of the physical status as well as on the analysis of the spatial structure (Cohen et al., 2005, James and Sirault, 2012) . Image-based phenotyping for non-destructive screening of different salinity tolerance traits in rice shoots was used (Hairmansis et al., 2014) . The imaging techniques for seed germination to identify salt-tolerant genotypes can be useful, especially when seeds have different colors and phenotype (Walia et al., 2005; Li et al., 2016) . At the leaf scale, it was found that hyperspectral reflectance and chlorophyll fluorescence can be served as valuable tools for non-invasive measurements of photosynthetic parameters under salinity stress (Li et al., 2010) . For determination of plant water status in the absence of robust spectral indices the combining in situ data of physiological models (midday leaf water potential, predawn leaf water potential, the leaf water content) and hyperspectral remote sensing can provide helpful information, useful also for irrigation management in plants (Dzikiti et al., 2010) .
For a selection of genotypes of wheat and barley capable to maintain sufficient stomatal conductance under osmotic stress, the method of infrared thermography on young seedlings has been successfully applied (Sirault et al., 2009 ). This methodology seems to be also suitable for drought tolerance seedling screening in the different vegetative phases of crop development using high-automated platform. Thanks to the screening in the early phases, a big quantity of plant lines can be estimated in a short time with low cost, compared to the approaches based on the analysis during the whole life cycle (Furbank and Tester, 2011) .
Another important trait is the chlorophyll content. Indeed, chlorophyll loss ultimately affects the net primary production. In turn, the chlorophyll content can indicate the health and vitality of the vegetation, which is especially valuable in stress environments. Hyperspectral sensing can provide a possibility for quick and accurate estimation of vegetation chlorophyll concentration in larger scales. As an example, Kaishan et al. (2006) compared soybean canopy reflectance spectra (350-1050 nm) to the simultaneously collected chlorophyll content data (chlorophyll a, chlorophyll b content). Using the artificial neural networks backpropagation algorithm, it was found that soybean canopy reflectance shows a negative relationship with content of chlorophyll a and b, while it shows a positive relationship with chlorophyll content in the near infrared region. Although simple regression models enabled sufficient accuracy of the estimate (R 2 = 0.74), using of the more precise models, such as models based on artificial neural network, much better preciseness of the estimate can be obtained (R 2 = 0.94).
The most common way of utilization the data acquired within in HSI (VIS-NIR, SWIR) is an estimation of the content of internal plant compounds or other plant traits using some of numerous reflectance indices, which characterize the plant composition and function. The indices are obviously grouped into two categories: (i) structural vegetation indices, and (ii) biochemical compounds related indices. The structural vegetation reflectance indices provide information about the structure and architecture of plant leaves. Most frequently, they are calculated as reflectance ratios from the measurement of reflectance peaks in the NIR and from reflectance in the red area of VIS. The normalized difference vegetation index (NDVI) is one of the most commonly used indices for estimation of geometrical features and green biomass production (Rouse et al., 1974) . Another frequently used index is the simple ratio index (SR) (Rouse et al., 1974) . The sum green index (SGI) is used for the detection changes in greenness of leaf and canopy (Gamon and Surfus, 1999) . Optimized soil-adjusted vegetation index (OSAVI) is often used for estimation of plant biomass production on the base of chlorophyll content (Daughtry et al., 2000) . Examples of application hyperspectral measurements and calculation structural indices for soybean leaves treated by salt stress were shown in Fig. 1 .
The biochemical reflectance indices are based on the specific reflectance peaks at given wavelength of VIS, NIR or SWIR range and are specific for many biochemical compounds accumulated in plant leaves. The structure insensitive pigment index (SIPI) is calculated from reflectance peaks for carotenoids and chlorophylls (Penuelas et al., 1995a (Penuelas et al., , 1995b . The modified chlorophyll absorption ratio index (MCARI) and the leaf chlorophyll index (LCI) are very sensitive for estimation of chlorophyll content and distribution in leaves. The modified anthocyanin reflectance index (mARI) is often used for non-destructive measurement of anthocyanin content in plant biomass (Gitelson et al., 2001) . Similarly, the carotenoid reflectance index (CRI) is sensitive to estimation of carotenoid pigment content in leaves (Gitelson et al., 2002) . The photochemical reflectance index (PRI) is an estimator for the photosynthetic efficiency of plant leaves (Gamon et al., 1992) . Moreover, the HSI is frequently used for assessment of nitrogen, lignin (Serrano et al., 2002) and cellulose (Daughtry et al., 2004) content, as well tissue water content (Penuelas et al., 1997; Kim et al., 2015) . Examples of application hyperspectral measurements and calculation biochemical compounds related hyperspectral indices for soybean leaves treated by salt stress shown Fig. 2 . As the genotypes were differing in chlorophyll content and absorbance value we discussed that HSI techniques can be used for phenotyping of genotypes which showed differences under normal conditions. Plant phenotyping based on hyperspectral imaging techniques has been successfully used mainly in discriminate genotypes with different contents of leaf biochemical components. Frequently, the genotypes are screened for differences in content of leaf chlorophyll (Ferri et al., 2004; Wu et al., 2011; Bauriegel and Herppich, 2014; Zhang et al., 2016) , anthocyanins (Gitelson et al., 2002; Shi et al., 2012) or nitrogen (Yu et al., 2014) . Sytar et al. (2015) analyzed the flavonoid contents in the leaves of 30 plant species using the multiplex fluorimetric sensor. In addition, Simko et al. (2015) analyzed decay of fresh-cut lettuce leaf using hyperspectral imaging. The proposed approach can be used for evaluation of decay on lettuce tissue with very high overall accuracy.
Other applications of hyperspectral image analysis to identify the salinity effects
Human-induced and natural processes cause salinity of soil, which is one of the main environmental dangers with the increasing trend (Metternicht and Zinck, 2003) . In this case, land use management needs solution to limit trends of soil degradation in which the monitoring of the soil salinity status can assist. Nowadays, for exploring and mapping of salt-affected regions, the ground-based, air-, and satelliteborne sensors are used. For example, the airborne sensor obtaining images in 128 bands in the spectral range of 450-2500 nm (i.e. visible, near-and mid-infrared) helped with mapping of saline areas characterized by vegetation of halophytes or by salt scalds; mapping of soils with differing salinity levels and types (Ben-Dor et al., 2002, Taylor and Dehaan, 2000) .
HSI techniques have been extensively used in remote sensing to reveal levels of salinity in soils and canopy. It has been created lot of new indexes to establish a salt concentration in soil in connection with reflectance at various wavelengths (Farifteh et al., 2007 (Farifteh et al., , 2008 . By the use of spectral unmixing, it was found that saline endmembers showed a high reflectance at 800 nm, a wide hydroxyl and shallow traits at 2200 nm, and features of broad absorption at 1450 and 1900 nm. Wet saline soils showed almost detectable hydroxyl features at 2200 nm. The process of mapping of salt-affected soils by the hyperspectral scanner allowed by spectral appearance in the visible and near-infrared ranges of the spectrum, linked to the mixed hydrated evaporite minerals in water. Next experiments showed that the subtle hydrate absorption traits at 980 and 1170 nm are necessary for correct mapping of salt-affected soils.
The HSI together with analysis of soil salinity is recently used for estimation of salinity stress on plant organisms. The hyperspectral records of the root-zone of the soil and plant material of halophyte species with typical salt-sensitive character were used to study the vegetation spectra and soil salinity relationships. It was found that using hyperspectral vegetation indices are promising to screen soil salinity with a hyperspectral profile of salt-sensitive and halophyte plants (Zhang et al., 2011a (Zhang et al., , 2011b .
Some leafy vegetable species, such as lettuce, are characterized by a moderate sensitivity to salinity and they can serve as a good model plants for developing HSI methodology (Shannon and Grieve, 1998, Pacumbaba and Beyl, 2011) . The damages in the leaves of lettuce crops under moderated degrees of salinity are not visible and seem to be normal, whereas the parameters of yield and growth decrease (Andriolo et al., 2005 (Andriolo et al., , Ünlükara et al., 2008 . Normally lettuce plants have leaves with deep green color, with more succulent tissues characterized by the density and thickness. The necrosis and chlorosis may appear in the leaves under salinity stress effects because of the disproportion in concentrations of certain mineral elements. However, the positive effect of moderate salinity stress has been observed in the post-harvest conservation of fresh and ready-to-eat products of lettuce plants. Such positive effect is observed because decreasing activity of peroxidase and polyphenol oxidase after cutting. During plant development, moderate salinity can change the partitioning of assimilates and upgrade soluble solids in plants (Shannon and Grieve, 1998) .
Another approach based on HSI in lettuce exposed to different salinity levels used model based on principal component analysis and a nonlinear index called 'lettuce salinity index'. At different salinity stress levels, lettuce salinity index calculated for leaves of lettuce plants was combining three relevant wavelengths that were able to detect the salinity effects on the leaves. The preciseness of the estimate using the lettuce salinity index was slightly improved by operation only three wavelengths in visible and red edge regions (675, 710 and 745 nm).
The index, based on the combination of three wavelengths of the red edge region granted estimation of variations among the leaves under different saline treatments. Furthermore, hyperspectral images were able to indicate the allocation of the salinity effects on the leaf surface, which are more intensive in the areas distant from the veins (Lara et al., 2014) .
Techniques of HSI can be used for the non-invasive estimation of chlorophyll content under salt stress (Thenkabail et al., 2004; Le Maire et al., 2008) (Table 3) . Results from the study of chlorophyll content in wheat seedling grown in salinity revealed that the obtained spectra from HSI cameras had a high correlation with the content of chlorophyll (Wu et al., 2011) . Under increased salinity, a significant reduction of mean reflectance of sea oxeye in wavebands ranges 328 to 527 nm and 600 to 700 nm was observed, which corresponded to chlorophyll bands. Tilley et al. (2005) has suggested the hyperspectral methods to identify the response of emergent freshwater plants to changes in wetland salinity, which can contribute to the monitoring of the salinity effects on coastal wetlands (Tilley et al., 2005) . Cultivation of crop plants in soils with high salinity level can be affected also by drought stress, ion toxicity and mineral deficiency with next steps to decrease growth and productivity. The rice (glycophyte) is also known as desired model plant for salinity stress investigations (Horie et al., 2012) . Up to now, mostly visible RGB imaging of rice plant shoots was used for stress detection and with some early results from hyperspectral application aimed at salinity interaction in this strategic crop (Humplík et al., 2015) .
The physiological reflectance index from hyperspectral imagery can be useful for early identification of salt stress of Myrica cerifera and Iva frutescens plants. It was suggested that as a result of rising sea level appears changes at the landscape level in the distribution of plants. The variations in the physiological reflectance indices and other parameters can be related to particular species (Naumann et al., 2009 ). Application of hyperspectral indices was applied to estimate changes and variability in high leaf area index temperate shrub thicket during the vegetation period (Brantley et al., 2011) . The indices were calculated using the data based from direct (leaf area measurements) and indirect analysis (LAI-meter) of leaf area index. The data of direct and indirect groundsampling techniques were calculated to find a connection between experimental techniques. The indices that revealed the highest potential to correctly comprehend leaf area index exceeding value 4 were derivative indices based on red-edge spectral reflectance. Algorithms resolved to progress correctness at high leaf area index values in agricultural systems were unresponsive when leaf area index exceeded 4 and provided little or no advancement over the normalized difference vegetation index (Brantley et al., 2011) .
The application of hyperspectral imaging in field phenotyping application is limited by the differences in plant architecture and developmental stage, together with the properties of the leaf surface, such as the presence of trichomes, epicuticular waxes and roughness. Because of the complications caused by canopy complexity and soil background, the footprints are inevitably captured with a low spatial resolution (Hall and Wilson, 2013) . Despite HSI was basically developed for remote sensing applications, recently the promising progress has been achieved with the application as an analytical device for non-invasive food analysis, especially for use in fresh fruits and vegetables. Methods of using HSI techniques with different sensors for hyperspectral reflectance imaging, fluorescence imaging and hyperspectral transmission imaging techniques for plant process monitoring are being developed (Gowen et al., 2007) . Currently, these HSI techniques are mostly used for food quality control and less for studying plant metabolomics and phenomics under different stress factors. However, we believe that further improvements in system elements, such as faster hardware in cameras and more capable and detailed algorithms will minimize acquisition time, processing and enable real-time HSI quality monitoring in the phenotyping system. It is important to develop HSI methodology for the needs of theoretical plant physiology with a main goal of creating a standard spectrum database for identification of as many biochemical compounds as possible. To use the HSI system as part of the phenotyping system will help to support complex analysis of plant stress reactions under different effects, which can be useful for building a promising model of plant behavior under changing environmental conditions. Thus, it is time to develop HSI techniques and methods for the food and pharmaceutical industries while at the same time building background HSI methodology for plant sustainability and biodiversity as a main goal of plant-level phenotyping.
Conclusion
In this review, we presented information regarding the use of HSI of plant objects. HSI techniques have been used in experiments for detection of plant stress response under salinity stress, and identification of some signal compounds under non-destructive measurement with HSI techniques. Determining chlorophyll concentrations, some parameters of osmotic adjustments, protein levels and UV-absorbing secondary metabolites are parts of the metabolic analysis performed by non-destructive methods of HSI. The combination of fluorescence techniques together with HSI is suggested for estimation of changes in plant morphology caused by salt effects. HSI cameras in the phenotyping system can be used to assess changes on the early stages of salinity stress or select tolerant plant species or cultivars for the breeding process. The hyperspectral analysis can become a valuable part of high-throughput phenotyping systems, enabling efficient and reliable exploring of the genetic variability of crop genetic resources towards identification of sources of salt tolerance in salt sensitive major crops. However, the methodology for efficient and fully automated hyperspectral analyses as well as possibilities to estimate additional biochemical compounds with HSI cameras requires further development.
